Missense mutations in perforin, a critical effector of lymphocyte cytotoxicity, lead to a spectrum of diseases, from familial hemophagocytic lymphohistiocytosis to an increased risk of tumorigenesis. Understanding of the impact of mutations has been limited by an inability to express human perforin in vitro. We have shown, for the first time to our knowledge, that recombinant human perforin is expressed, processed appropriately, and functional in rat basophilic leukemia (RBL) cells following retroviral transduction. Subsequently, we have addressed how perforin missense mutations lead to absent perforin detection and impaired cytotoxicity by analyzing 21 missense mutations by flow cytometry, immunohistochemistry, and immunoblot. We identified perforin missense mutations with partial maturation (class 1), no apparent proteolytic maturation (class 2), and no recognizable forms of perforin (class 3). Class 1 mutations exhibit lytic function when expressed in RBL cells and are associated with residual protein detection and variable cytotoxic function in affected individuals, suggesting that carriers of class 1 alleles may exhibit more subtle immune defects. By contrast, class 3 mutations cause severely diminished perforin detection and cytotoxicity, while class 2 mutations have an intermediate phenotype. Thus, the pathologic mechanism of perforin missense mutation likely involves a protein dosage effect of the mature protein.
Introduction
Perforin is a critical effector molecule of lymphocyte cytotoxicity, involved in the innate and adaptive immune response (1) . NK cells express perforin constitutively, allowing the host to rapidly kill virus-infected and tumor-derived host cells. CTL cells upregulate perforin expression after TCR activation and thus emerge as effectors of adaptive immunity.
In mice in which the perforin gene has been disrupted, severe immune dysregulation occurs in response to lymphocytic choriomeningitis virus (LCMV) infection, due to an absence of perforin-mediated cytotoxicity (2) (3) (4) (5) (6) . In contrast to WT mice, which normally clear LCMV infection, perforin knockout mice develop excessive activation and proliferation of T cells and macrophages, resulting in hemophagocytosis, systemic hypercytokinemia, and death. There is failure to eliminate viral infection and failure to resolve the excessive immune response.
In humans, perforin deficiency leads to a potentially fatal disorder in infancy, familial hemophagocytic lymphohistiocytosis type 2 (FHLH2) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . FHLH2 is inherited as an autosomal recessive disorder, with mutations identified in the perforin coding sequence. Patients with mutations in the perforin gene (PRF1) have absent or low perforin levels in NK cells and diminished lymphocyte cytotoxicity. The mechanism for hemophagocytosis is thought to be analogous to that in the mouse model, with triggers such as EBV, CMV, and other viruses. The disease is fatal unless treated with immune suppression and ultimately bone marrow transplantation (17) .
Several investigators have described older children and adults with FHLH2, with residual perforin expression and/or NK function, suggesting that the clinical spectrum of FHLH2 may be broader than originally described (18, 19) . Missense mutations in PRF1 have also been described in an adult with chronic active EBV infection (20) , in children and adults with bone marrow malignancies (21, 22) , and in healthy individuals (23) . These data suggest that the phenotypic expression of PRF1 mutations is variable, and that the spectrum of perforin-related disease may include fatal immune dysregulation in early childhood; nonfatal, inflammatory reactions at any age; and impaired tumor surveillance in children and adults.
Although perforin was identified over 20 years ago (24, 25) , very little is known about its structure and function in the cytotoxic granule and upon release from the cell. In vitro studies of recombinant human perforin have been limited by an inability to express the human protein in a relevant cell line (26, 27) . Murine perforin has been expressed in a rat basophilic leukemia (RBL) mast cell line, RBL-2H3 (28) , but previous attempts with human perforin did not lead to detectable production of the mature protein (27) . Therefore, in an attempt to study perforin missense mutations associated with hemophagocytic lymphohistiocytosis (HLH), Voskoboinik and coworkers opted to introduce missense mutations into the mouse perforin cDNA sequence (29) (30) (31) . However, interpretation of the results is complicated by 2 factors: first, 175 of 555 amino acid residues are different between the human and the mouse perforin sequence; second, the authors were unable to correlate changes in perforin detection with cytotoxicity (31) .
In studies of FHLH2, over 50 mutations of the perforin gene (refs. 7-16, and unpublished results) have been identified. Most of the perforin mutations in patients with FHLH2 do not lead to severe protein truncation but consist of amino acid substitutions. Several groups have analyzed mutant perforin by Western blot of PBMC lysates from individuals with missense mutations in PRF1 (15, 20, 32, 33) . These studies have demonstrated levels of mature perforin protein ranging from absent to normal. However, studies of missense mutations from patient-derived cells and cell lines are limited by the infrequent occurrence of individuals with homozygous mutations. We sought to establish an in vitro system to answer a specific question: how do perforin missense mutations lead to absent perforin detection and impaired NK function? Here we report that, in contrast to previous studies, we were able to achieve expression of human perforin in both RBL-2H3 and RBL-1 cells. WT perforin was appropriately processed and stored in granules in both cell types. Perforin expressed in RBL-2H3 cells was functional in rbc lytic assays. RBL-1 cells possessed 10-fold higher levels of perforin than RBL-2H3 cells after retroviral transduction, allowing structural studies without cell sorting or selection.
Expression of 21 naturally occurring, perforin missense mutations in RBL-1 cells allowed us to directly analyze their impact on human perforin. Missense mutations were classified according to the presence of recognizable forms of precursor and mature perforin detected by immunoblots. These results show, for the first time to our knowledge, that the majority of missense mutations result in gross misfolding, incomplete maturation, and increased degradation of human perforin, interfering with the formation of mature active perforin.
Results
Recombinant human perforin is stably expressed in RBL cells. Recombinant human perforin in MIEG3, a bicistronic retroviral vector containing GFP (34) , was expressed after retroviral transduction in both RBL-2H3 and RBL-1 cells. These 2 cell lines derive from the same rat mast cell tumor (35) . RBL-2H3 cells have IgE receptors and undergo rapid degranulation upon binding of antigen to the receptor, while the RBL-1 cells do not efficiently degranulate under the same condition (35, 36) . Previous studies have shown the utility of RBL-2H3 cells for studying murine perforin function, but structural studies were lacking, presumably because of low-level expression of perforin (29) (30) (31) .
Infection of RBL-2H3 cells with MIEG3-PRF1 retrovirus was achieved by preloading of viral supernatant onto fibronectin- as well as in RBL-1 and RBL-2H3 transfectants by Western blotting following nonreducing SDS-PAGE. Precursor (p1 and p2) and mature (m) forms of perforin were visualized in all 3 cell lines by P1-8 antibody. Equivalent results were seen using H315 antibody. CMA was added to cultures overnight. Fifty micrograms of protein was loaded per lane. Since the endogenous perforin level in NK92 cells is lower than that in the transduced RBL-1 cells, a longer exposure is also shown. For transduced RBL-1 cells, a shorter exposure is also included to display the 2 precursor forms and 1 mature form of perforin. (C) Human perforin was detectable in the granular fraction of RBL-1 cells. RBL-1 cells were disrupted by nitrogen cavitation, and subcellular fractions were obtained after Percoll separation. Fractions 8-10, identified as granule fractions by the peak β-hexosaminidase activity, contained mature perforin (1.5 µg protein per lane). "C" indicates a cell lysate from RBL-1 cells expressing WT human perforin (4 µg protein).
coated plates prior to the addition of cells. Seven to twenty-five percent of the cells expressed GFP over 3 separate experiments as shown in a representative experiment in Figure 1A . To enrich for perforin-expressing cells, GFP-positive RBL-2H3 cells were sorted. Flow cytometry (FC) of cells after sorting revealed 94% GFP-positive cells; however, the mean channel fluorescence (MCF) of perforin staining was 3 times lower than in RBL-1 cells expressing WT PRF1 cDNA ( Figure 1A ). In contrast, expression of GFP and perforin following retroviral infection of RBL-1 cells was highly efficient: GFP was expressed at high levels in 92% of viable cells, and WT perforin was expressed at high levels in 99% of viable RBL-1 cells. The levels of perforin in RBL-1 cells (MCF = 95) were even higher than in NK92 cells (MCF = 36), a human NK tumor cell line ( Figure 1A ). Human perforin levels in transduced RBL-1 cells were stable for many weeks (not shown).
Recombinant human perforin undergoes proteolytic maturation in RBL cells. Previous studies of perforin maturation in YT cells, an NK tumor cell line, revealed that perforin is translated as an inactive, precursor protein in the endoplasmic reticulum (27) . The carboxyl terminal polypeptide is cleaved to form a functional mature protein during transit from the Golgi apparatus to cytoplasmic granules. Proteolytic processing can be interrupted by alkalinization of acidic compartments with concanamycin A (CMA) or by the serine/cysteine protease inhibitor leupeptin. As shown in Figure 1B , precursor and mature forms of perforin from NK92 cells migrate between 50 and 60 kDa under nonreducing conditions. The mature band (m) is not seen after treatment of NK92 cells overnight with CMA, while the precursor bands p1 and p2 are noted with increased intensity ( Figure 1B ). Both precursor forms of perforin migrate more slowly than the mature form.
We then analyzed whether the human WT perforin is appropriately processed in RBL-2H3 and RBL-1 cells after retroviral transduction of human PRF1 cDNA. As in NK92 cells, 3 bands were detectable, 2 precursor forms (p1, p2) and a single mature form (m) of faster mobility ( Figure 1B ). CMA treatment overnight blocked the formation of the mature protein. Although perforin was readily detectable in RBL-2H3 cells by FC after sorting of cells, Western blot analysis required 10-20 times more protein from RBL-2H3 cell lysates than from RBL-1 lysates.
Human perforin is detected in the granules of transduced RBL-1 cells. Previous studies in human-derived YT cells showed the emergence of mature perforin only in dense lysosomal fractions (27) . Subcellular fractionation of RBL-1 cells was performed to determine whether recombinant perforin was detectable in the dense granules of RBL-1 cells. Cells were disrupted by nitrogen cavitation, and lysates were fractionated on a preformed 48% Percoll gradient (37, 38) . Eighteen fractions (1.2 ml) were obtained, with fraction 1 obtained from the bottom of the gradient (most dense). Each fraction was assayed for β-hexosaminidase activity to locate the cytosolic granules (39) , and perforin was detected by Western blot. As seen in Figure 1C , the majority of enzymatic activity associated with granule localization was seen in fractions 8-10. According to Western blot, perforin precursor bands were noted in fraction 12, and the mature band was seen in fractions 8-10. We conclude that recombinant human perforin was correctly processed and the mature form localized to the cytosolic granules.
Mouse perforin expressed in RBL cells has a different mobility on SDS-PAGE. Mouse perforin expressed in RBL-2H3 cells is functional in lytic assays and detectable in cytoplasmic granules (28) . Therefore, we were surprised to see that mouse perforin expressed in RBL-1 and RBL-2H3 cells had a different banding pattern on immunoblot than human perforin (Figure 2 ). Two major bands corresponding to mouse perforin were detectable on nonreducing gels, and the precursor band was identified
Figure 2
Detection of mouse perforin expressed in RBL cells. Mouse perforin cDNA was introduced into the MIEG3 viral vector, and RBL-1 and RBL-2H3 cells were infected with retrovirus. Mouse perforin expressed in both cells underwent a maturation process that could be blocked by CMA. However, under nonreducing and reducing conditions, mouse perforin had a slower mobility than human and rat perforin expressed in both cells. For RBL-2H3 cells, 100 µg protein was loaded per lane, except for RBL-2H3 cells expressing rat perforin, which required only 10 µg protein to detect perforin. by incubation overnight with CMA. However, the mobility of both forms was slower than that of human perforin equivalents under nonreducing and reducing conditions. This may have been due to altered glycosylation. The banding pattern of rat perforin was the same as that of the human. The level of expression of rat perforin was 10-fold higher than that of human or mouse perforin in RBL-2H3 cells.
Human perforin expressed in RBL-2H3 cells exhibits lytic function.
To confirm the lytic function of human WT perforin expressed in RBL cells, rbc lysis was assayed by 51 Cr release as described (28) . Briefly, primary amines on human rbcs were modified by conjugation with a trinitrophenyl (TNP) group, and RBL cells were coated with anti-2,4-dinitrophenol (DNP) IgE that recognizes the TNP group. After a 4-hour coincubation, RBL-2H3 cells expressing human and mouse perforin exhibited lytic activity only in the presence of IgE-induced degranulation ( Figure 3A ). In contrast, no 51 Cr release was detectable in RBL-1 cells ( Figure 3B ). As RBL-1 cells had robust perforin expression, and protein maturation identical to that seen in RBL-2H3 cells, this cell line was suitable for analyzing the effect of perforin missense mutations on protein structure and maturation.
Expression of mutant perforins in transfected RBL-1 cells. To examine the effect of disease-associated mutations on the maturation of perforin, we introduced 21 different missense mutations into human perforin cDNA by site-directed mutagenesis and expressed them in RBL-1 cells. The mutations chosen were all reported as either compound heterozygous or homozygous alleles, were located throughout conserved and unique domains of the perforin molecule, and were seen in patients with FHLH2 and/or in individuals with other clinical phenotypes. Figure 4A is a summary of the MCF of the 21 mutant perforins compared with WT perforin in RBL-1 cells from 3 independent experiments. As shown in Figure 4A , all but 1 mutant protein (PRF1-N252S) was detectable at a lower MCF than WT perforin. Detection of 14 mutants revealed diminished expression compared with that of WT perforin, and 6 mutants showed no expression by this method. This was not due to decreased RNA transcription, because high-level GFP expression was seen with all mutants, and no substantial variability of PRF1 mRNA levels was detectable by semiquantitative RT-PCR (data not shown). This suggests either that the mAb does not bind to the mutant proteins with the same avidity as to the WT protein or that the resulting perforin levels are lower secondary to aberrant processing and/or accelerated degradation of the protein.
Immunohistochemical staining of WT perforin expressed in RBL-1 cells appeared punctate secondary to storage in secretory granules ( Figure 4B ). As the antibody used in these experiments (δG9) was the same as that used in FC, the intensity of the immunohistochemical staining of WT and mutant perforin paralleled the FC data. For example, PRF1-G45E and PRF1-C73R were absent/low by FC and nondetectable by immunohistochemistry ( Figure 4 ). PRF1-R225W, PRF1-V50M, and PRF1-A91V had an intermediate phenotype by FC, and staining by immunohistochemistry was punctate, like that of the WT perforin. PRF1-N252S was also indistinguishable from WT perforin by both methods. 
Impaired maturation of perforin can be assayed in RBL-1 and RBL-2H3 cells.
The initial requirement for function of perforin is proper proteolytic processing of the precursor forms of the protein to the mature form. Previous studies have suggested that missense mutations of perforin may impair maturation. To examine the effect of the individual missense mutations on the maturation of perforin, we analyzed mutant perforin protein expressed in RBL-1 cells by nonreducing SDS-PAGE and Western blot ( Figure 5A ). The PRF1-N252S protein appeared like WT perforin, with 2 faintly detectable precursor bands (p1, p2) and a dominant band (m) representing the mature protein. Overnight CMA treatment of transduced RBL-1 cells resulted in the disappearance of the mature form (not shown). PRF1-A91V protein demonstrated an abnormal banding pattern, with 3 detectable bands as seen in WT perforin, but the mature form was not clearly dominant. A second pattern of abnormal perforin detection by immunoblotting was seen in PRF1-R225W. In contrast to WT perforin, PRF1-A91V, and PRF1-N252S, only 2 forms were detectable in PRF1-R225W transfectants, while the mature form was absent. Finally, distinct bands were barely detectable in mutant PRF1-C73R using either H315 or P1-8 antibody.
To assess whether the presence or absence of the mature form would predict lytic function, we expressed these same mutants in RBL-2H3 cells. After sorting for GFP-expressing cells, lysates were prepared for Western blot analysis. As seen in Figure 5A , the same banding patterns were seen in RBL-2H3 as were seen in RBL-1 cells; however, detection in RBL-2H3 cells required 10 times the amount of protein. The RBL-2H3 cells expressing mutant perforins were then tested for rbc lysis upon degranulation. As seen in Figure 5B , PRF1-N252S and PRF1-A91V expressed in RBL-2H3 cells demonstrated lytic activity against rbcs, while PRF1-R225W and PRF1-C73R had reduced lytic activity, indicating that the presence of the mature band predicted lytic function. In order to assess the generalizability of the results obtained from the RBL cell-based maturation assay for perforin, we analyzed the effect of 17 additional missense mutations on the proteolytic processing of perforin. Each mutant was categorized as belonging to 1 of 3 classes of mutant perforins with abnormal banding patterns ( Figure 6 ).
Missense mutations with partial maturation of perforin (class 1). Three bands were detected on immunoblots of PRF1-G45R, PRF1-R54C, PRF1-A91V, PRF1-R232H, PRF1-R361W, and PRF1-G429E using H315 and P1-8 antibodies. To discern whether these forms represented precursor and mature protein, we analyzed the maturation of recombinant perforin after incubation overnight with CMA or a serine/cysteine protease
Figure 5
Impaired maturation of perforin can be assayed in RBL-1 and RBL-2H3 cells. (A) Western blot analysis of perforin with missense mutations reveals 3 abnormal banding patterns. RBL-1 cells expressing WT or mutant perforin protein were lysed in 2% NP-40, and lysates were run on SDS-PAGE under nonreducing conditions and probed with polyclonal antibody P1-8. PRF1-N252S exhibits the typical WT pattern with 2 faint precursor bands (p1 and p2) and a more intense mature band (m) with greater mobility. PRF1-C73R, PRF1-A91V, and PRF1-R225W exhibit abnormal banding patterns as explained in the text. Although the same banding patterns are noted in RBL-2H3 cells expressing WT or mutant perforin, detection required 100 µg of protein. Detection was by P1-8 antibody. (B) Cytotoxic activity of human perforin bearing amino acid transitions of N252S, A91V, R225W, and C73R, expressed in RBL-2H3 cells. Perforin function was tested by its ability to lyse rbcs as described in Figure 3 .
Figure 6
Schematic representation of the human perforin protein showing the location of amino acid transitions evaluated in the current study. The horizontal bar represents the perforin protein with its theoretical functional domains: the membrane attack complex domain (MACPRF), the EGF-like domain (EGF), and a domain homologous to the C2 domain of PKC (C2) (27, 42) . The areas with gradient shading mark the signal peptide and the C-terminal peptide, which are cleaved during maturation. Class 1: missense mutations with partial maturation of perforin (in bold capital letters above bar); class 2: no apparent maturation of perforin (in italics above bar); class 3: no recognizable forms of perforin (below the bar). PRF1-N252S (boxed) is a polymorphism.
inhibitor, leupeptin. As presented in Figure 7 , CMA treatment fully prevented production of the mature (m) band of WT and mutant proteins, while leupeptin treatment resulted in only a partial block of proteolytic processing. Therefore, we were convinced that the bands visualized by immunoblot represented the 2 precursor and mature forms of perforin, with an increased intensity of precursor band staining.
Missense mutations with no apparent proteolytic maturation of perforin (class 2). Analysis of PRF1-P39H, PRF1-V50M, PRF1-G149S, PRF1-F157V, PRF1-R299C, and PRF1-D313V by nonreducing SDS-PAGE/Western blot showed the pattern characteristic for PRF1-R225W ( Figure 8A ). In contrast to class 1, only the precursor forms of perforin were detectable while the mature form was absent, suggesting that these missense mutations impair the proteolytic processing of the precursor proteins. Although it is possible that the mature form was produced but not detectable because of gross misfolding, use of 2 different antibodies for detection makes this a less likely explanation. Precursor bands from PRF1-V50M, PRF1-R299C, and PRF1-D313V were only visible after prolonged exposure of the gels. When class 2 mutations were analyzed by SDS-PAGE under reducing conditions, considerable degradation was apparent, as noted by the appearance of smaller bands at 50 and 40 kDa representing degraded protein.
Immunohistochemical studies suggested that perforin protein with class 2 mutations was localized in the granules, as the signal was punctate like that of the WT perforin ( Figure 4B ). This was somewhat surprising, as we expected only mature perforin to be detectable in granules. To further analyze the intracellular distribution of mutant perforin, cell extracts from RBL-1 cells expressing WT, PRF1-V50M, and PRF1-R225W were fractionated over Percoll gradients. Samples from fractions were subjected to nonreducing SDS-PAGE, followed by immunoblot. As seen in Figure 8B , the mature band of WT perforin was readily detectable in fractions 8-10. However, PRF1-V50M and PRF1-R225W showed precursor bands localized to these same fractions, without mature forms noted. We conclude that the precursor forms were indeed transported to the granules, and proteolytic processing was arrested.
Missense mutations with no recognizable forms of perforin (class 3). The precursor and mature forms of perforin were barely detectable or absent in mutants PRF1-G45E, PRF1-D70Y, PRF1-C73R, PRF1-G220S, PRF1-H222Q, PRF1-H222R, and PRF1-Q481P after nonreducing SDS-PAGE and detection with H315 antibody as shown in Figure 9 . Although 3 bands were visualized after a longer exposure time for PRF1-G45E, PRF1-D70Y, and PRF1-Q481P with P1-8 antibody, they were not precursor and mature forms, as the treatment with CMA did not cause a disappearance of the fast-migrating band (not shown).
The failure to detect precursor and mature forms of perforin in RBL-1 cells under nonreducing conditions did not arise because of a lack of protein expression, since mutant proteins in this class were readily visualized by Western blot after denaturation of the protein lysates ( Figure 9 ). This result indicated that perforin was synthesized, but protein misfolding prevented recognition by 3 antibodies in the nondenatured state. When denatured, these mutant proteins exhibited intense staining of smaller bands representing degraded protein ( Figure 9 ).
Further evidence for protein misfolding of class 3 mutations is suggested by the detection of large aggregates on SDS-PAGE under nonreducing conditions ( Figure 9 ). These aggregates were also detectable by Western blot of some missense mutations in classes 1 and 2, although at reduced intensity (not shown). Reduction and boiling of lysates prior to electrophoresis led to the elimination of aggregates and to the appearance of smallmolecular weight species likely representing degraded perforin protein. These high-mobility bands were not seen on nonreducing gels. Therefore it is likely that the slowly migrating bands at the top of the nonreducing gels represent aggregates of degraded perforin protein.
Expression level of mutant perforins in RBL-1 cells mimics that in human NK cells.
We examined whether the expression levels of mutant perforins in RBL-1 cells were comparable to those seen in patient NK cells (Table 1) . In order to evaluate the contribution of a single allele in human NK cells, we first chose individuals heterozygous for 50delT and a missense mutation on the second allele (G45E/50delT, C73R/50delT, and Q481P/50delT). The 50delT mutation creates a premature stop codon and leads to a severe truncation with no detectable perforin in patients homozygous for 50delT (14) . Therefore, in the NK cells, the only detectable perforin is derived from the allele with the missense mutation. PRF1-G45E, PRF1-C73R, and PRF1-Q481P are all
Figure 7
Western blot analysis of RBL-1 expressing PRF1 missense mutations with reduced processing to the mature form. The maturation of perforin was interrupted by alkalinization of acidic compartments with CMA or by inhibition of proteolysis by leupeptin overnight. Under nonreducing SDS-PAGE conditions, immunoblotting (H315 antibody) revealed that mutant proteins (PRF1-A91V, -R232H, -R361W, and -G429E) appeared to have a maturation pattern comparable to that of WT perforin, despite reduced intensity of the mature band: CMA completely blocked processing to the mature band, while leupeptin blocked it only partially. Twenty micrograms protein was loaded per lane, except for the WT perforin, of which 10 µg was loaded because of the strength of the signal. class 3 mutations: no recognizable precursor or mature forms of perforin are detectable by immunoblot. Similarly, the expression of these alleles was associated with an absence of perforin detection by FC in both transduced RBL-1 cells and patient NK cells. Second, we examined the level of perforin expression in NK cells from patients homozygous for missense mutations V50M, G149S, and R225W. These class 2 mutations had no mature band formation as detected by immunoblot. By FC, intermediate perforin levels were observed in NK cells from patients and in transduced RBL-1 cells. Finally, we compared expression levels of a class 1 allele, A91V, between RBL-1 and NK cells. Perforin detection in NK cells from a patient with HLH and a healthy individual homozygous for the A91V allele revealed reduced MCF. Reduced perforin was also detected in RBL-1 cells expressing recombinant PRF1-A91V; however, the reduction in MCF was more pronounced when this allele was expressed in NK cells. In summary, these results show that expression levels of mutant perforin in RBL-1 cells correlated with data from human NK cells when analyzed by FC with the same antibody (δG9).
Classification predicts age of disease onset. Table 2 shows the age of disease onset and NK function of patients reported with FHLH2 and bearing 9 different missense mutations analyzed in this report. Individuals were chosen if they were homozygous for the missense mutation or if the second PRF1 allele carried a nonsense mutation leading to a severe protein truncation. Class 3 mutations were associated with an age of onset less than 1 year and absent NK function. In contrast, half of the individuals with class 2 mutations had a disease onset in early childhood (age 2-7 years) with impaired NK function. The NK function of a patient with homozygous V50M mutations varied between normal and very low depending on the time of assay. A91V is the only mutation from class 1 reported in homozygotes or heterozygotes with protein deletions, and in these patients onset was later in childhood or in adulthood.
In order to investigate the impact of additional class 1 mutations, we examined patients who were compound heterozygotes (Table 3 ). In general, children with class 1 mutations had an age of disease onset not earlier than the first year of life, supporting the relationship between the classification of mutations and age of onset. It is remarkable that whenever the A91V allele was present, the disease onset was always beyond infancy (between the ages of 3 and 22 years).
Discussion
To our knowledge, this is the first report of expression of human perforin at sufficient levels for structural analysis in a mammalian cell line. Retroviral transduction of RBL-1 cells was highly efficient, perforin expression was stable, and analysis required no cell sorting. The level of perforin produced by RBL-1 transfectants exceeded the level present in NK92 cells and was amenable to Western blot analysis. Proteolytic maturation of recombinant perforin in RBL-1 and RBL-2H3 cells, like the maturation of endogenous perforin in NK92 cells, occurred in acidic compartments and was partially blocked by a serine/cysteine protease inhibitor, leupeptin, and completely blocked by CMA. Expression of perforin by retroviral transduction in RBL-2H3 lines was less efficient than in RBL-1 cells and required sorting of the cells by FC to enrich for perforin-expressing cells. The parallel use of the 2 cell lines in this study allowed both structural and functional analysis of perforin amino acid substitutions.
Analysis of missense mutations within the context of human perforin is advantageous for many reasons. First, the expression of human perforin was detectable by FC, allowing direct comparison with studies of human NK cells in patients. Second, we have shown that mouse perforin expressed in RBL cells has a different mobility on reducing and nonreducing SDS-PAGE than endogenous perforin from NK92 cells or human perforin expressed in RBL cells. Finally, results from this study of human perforin mutations in RBL-1 cells differ from those reported in studies of perforin mutations introduced into the mouse cDNA expressed in RBL-2H3 cells (29) (30) (31) . Voskoboinik et al. reported severely decreased protein detectable on immunoblots for mouse perforin with mutations corresponding to human P39H and D70Y (31) . In the current study, PRF1-P39H and PRF1-D70Y were readily detectable in RBL-1 cells under the same conditions ( Figure 8A , panel: P1-8/reduced; and Figure 9 , panel: reduced). Other mutations cited as absent or severely decreased when introduced into mouse perforin but readily detected in the current study include PRF1-G45E, PRF1-G45R, PRF1-G220S, PRF1-R232H, PRF1-R361W, and PRF1-Q481P (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI26217DS1) . In addition, when Voskoboinik et al. analyzed the R225W transition in mouse perforin, they only saw diffuse cytoplasmic staining with the P1-8 antibody, and minimal full-length protein was noted on Western blot (29) . In contrast, human PRF1-R225W showed the characteristic punctate appearance consistent with packaging in the secretory granules of RBL-1 cells, and full-length protein was detectable by SDS-PAGE followed by immunoblotting ( Figure 8B) . Therefore, we suggest caution in the interpretation of studies of perforin missense mutations introduced into mouse perforin.
Perforin is synthesized as an inactive precursor and must undergo proteolytic processing to achieve the active form of the protein (27) . Therefore, classification of missense mutations of perforin is most informative according to the presence of recognizable forms of precursor and mature protein. Perforin mutations classified by class 3 are by far the most abnormal when compared with WT perforin by all measures. There is evidence of gross protein misfolding, protein degradation, and lack of lytic function. Patients with these mutations have an early age of onset, nondetectable perforin protein, and impaired NK function (Tables 1 and 2) .
Class 2 mutations are distinguished by the presence of precursor bands and the absence of mature band formation after expression in RBL-1 cells. Although one might expect these mutations to be associated with early onset of disease and absent NK function, the clinical phenotype was most variable in this group ( Table 2 ). The localization of precursor perforin protein with class 2 mutations to the granules of RBL-1 cells suggests one possible explanation: precursor protein may also be transported to the granules of NK cells and may exhibit residual function in individuals with class 2 perforin mutations. Although PRF1-R225W expressed in RBL-2H3 cells did not exhibit lytic activity against rbcs in the current study, this assay may not be sensitive enough to detect low-level lytic function.
From the current study it is apparent that class 1 perforin mutations demonstrate partial proteolytic maturation (G45R, R54C, A91V, R232H, R361W, and G429E). These mutations are described
Figure 9
Western blot analysis of RBL-1 expressing PRF1 missense mutations with an absence of the characteristic precursor and mature bands. Under reducing conditions, mutant perforins were not readily visualized by nonreducing SDS-PAGE and Western blot. When these same samples were denatured/boiled in 2-mercaptoethanol, it became apparent that perforin protein was present but not recognized in the native state. These mutations demonstrated high-intensity degraded bands not seen in lysates from RBL-1 cells expressing WT perforin. In addition, each lane has high-molecular weight aggregates detectable with the perforin antibody. Aggregate formation (marked by a bracket) of perforin was eliminated by boiling of the samples in the presence of 2-mercaptoethanol (reduced) before electrophoresis. All lanes were loaded with 50 µg protein. Detection was by H315 antibody. in patients diagnosed with FHLH2 older than 1 year, suggesting they may be "milder" mutations with reduced but detectable perforin and NK function. The A91V transition is the most commonly reported class 1 mutation and is associated with disease onset beyond the toddler years. Other investigators have noted this amino acid transition in children and adults with lymphoma, in children with leukemia, or in healthy individuals (21) (22) (23) . The R232H transition has been described in 2 heterozygous individuals with HLH, but siblings of these 2 patients have remained healthy into the teen years despite the same genotype (10, 19) . In studies of A91V and R232H substitutions in the mouse perforin sequence, both substitutions were associated with reduced, but not absent, function as determined by the ability to lyse Jurkat cells (29, 31) . Therefore, the A91V and R232H transitions appear to be disease associated, with incomplete penetrance. In contrast to patients with A91V and R232H, siblings with another class 1 mutation, G429E, had disease onset during the second year of life (7, 10) . Voskoboinik et al. introduced this mutation into the mouse cDNA, expressed it in RBL-2H3 cells, and noted reduced cytotoxicity (29) . A second paper from this group suggests that the neighboring aspartate is critical for maintaining perforin function and that the G429E transition interferes with calcium binding (30) . The present study suggests an additional mechanism for decreased cytotoxicity: impaired proteolytic processing to the mature protein.
In contrast to the other "milder" mutations described above, expression of PRF1-N252S in RBL-1 cells was indistinguishable from expression of WT perforin, suggesting proper folding and maturation. Lytic studies in RBL-2H3 cells expressing PRF1-N252S show that its function is comparable to WT. Although initial reports described PRF1-N252S as a disease-causing mutation in FHLH2 (7), subsequent studies revealed that this protein is expressed in healthy individuals as a benign polymorphism (14, 40) . The N252 residue is not conserved in perforin among species, nor between perforin and C7, C8, and C9. The combination of biochemical and epidemiologic studies makes it highly unlikely that PRF1-N252S plays a role as a pathogenic mutation in FHLH2.
In summary, we have presented data, for the first time to our knowledge, on the effect of missense mutations on the maturation process of human perforin. These studies in RBL cells expressing human perforin provide a basis for understanding the impact of missense mutations on the structure of the protein. The precise mechanism by which the various missense mutations lead to impaired proteolytic processing of perforin remains to be established. Nevertheless, the information produced by our analysis of human perforin mutations reveals that mutations with partial proteolytic maturation often present with a "milder" phenotype, associated with residual perforin detection and NK function, older age at onset of disease, and a more diverse clinical phenotype, while absence of the mature, functional perforin predicts absent NK function and early onset of FHLH2.
Methods
Cell culture. All cells were obtained from American Type Culture Collection. RBL-1 and RBL-2H3 cells were maintained in RBL MEM with Earle's salts supplemented with l-glutamine, 1 mM sodium pyruvate, 100 µM nonessential amino acids, and 15% FBS. NK92 cells were maintained in α-MEM with 12.5% horse serum, 12.5% FBS, and supplemented with 20 µM folate, 200 µM inositol, and 200 U/ml recombinant IL-2. Phoenix-Eco cells for retroviral transduction were obtained with permission from Gary Nolan (Stanford University Medical Center, Stanford, California, USA) and maintained in DMEM with 10% FBS. For metabolic studies, 100 ng/ml CMA or 100 µg/ml leupeptin was added to cultures of 5 × 10 6 cells for overnight incubation.
Generation of retroviral vectors and expression in RBL cells. Human perforin cDNA was amplified from MOLT-4 QUICK-Clone cDNA (BD Biosciences -Clontech) and cloned into the pCR4-Topo vector (Invitrogen Corp.). Mutations were introduced using the QuikChange Site-Directed Mutagenesis Kit (Stratagene), and the resulting clones were sequenced in their entirety. The cDNA was then transferred into the mouse retroviral vector MIEG3, which allows expression of the gene of interest in cis with the cDNA encoding the enhanced GFP (34) . Mouse perforin cDNA was amplified from FVB/N splenic cDNA and further cloned as above. The retroviral vector was transfected into Phoenix-Eco by calcium phosphate, and the viral supernatants were collected from 24 to 48 hours after transfection. The supernatants were applied to RBL cells every Immunohistochemistry. Adherent RBL-1 cells were grown on slides for 2 days, then rinsed with PBS and fixed with 95% ethanol. Automated staining was performed by Dako Autostainer using a monoclonal anti-perforin antibody (δG9; Pierce); an anti-human, biotin-conjugated antibody; streptavidin-coupled HRP (Dako); and 3,3′-diaminobenzidine-4HCl (DAB) substrate. Background staining was done with hematoxylin.
Western blot. Cell lysates were prepared using a 2% NP-40 lysis buffer (27) . Samples were run on 10% polyacrylamide gels using Laemmli sample buffer with or without 5% 2-mercaptoethanol or 350 mM DTT and boiled. Equal amounts of protein were loaded in each lane, except where indicated. Actin staining of reduced gels revealed no evidence of nonspecific proteolysis and confirmed equal loading (data not shown). Western blotting was performed with a polyclonal rabbit antibody, H315, against human perforin, amino acids 241-555 (Santa Cruz Biotechnology Inc.), or a monoclonal rat antibody, P1-8 (41), against mouse perforin, amino acids 209-380 (gift of H. Yagita, Juntendo University School of Medicine, Tokyo, Japan). HRP-conjugated secondary antibodies were used for ECL.
Subcellular fractionation. RBL-1 cells were disrupted by nitrogen cavitation, and subcellular fractions were prepared by the method of Borregaard et al. as previously described (37, 38) with the following modifications: 0.5 × 10 8 to 1 × 10 8 cells were disrupted by nitrogen cavitation. A 48% Percoll gradient was prepared and centrifuged at 39,000 g for 10 minutes, and then samples were loaded and centrifuged for 45 minutes at 39,000 g. The Percoll beads were not removed prior to Western blot or enzymatic assays. Fifty-microliter aliquots of each fraction were assayed for β-hexosaminidase activity as previously described by Shiver et al. (39) . The results were normalized to the protein content of each granule fraction (U/mg protein). Western blot was performed as above. Samples contained a constant amount of protein in Laemmli buffer and were not denatured.
RBC lytic assays. RBL cells were coated with anti-2,4-dinitrophenol IgE (Sigma-Aldrich) at 5 µg/ml for 15 minutes, 37°C, in growth media. After washing 3 times with RPMI-1640, the cells were resuspended at 4 × 10 6 per milliliter. Target rbcs were loaded with 51 Cr, as previously described (28) . They were then modified by trinitrophenylation and incubated with 10 mM picryl sulfonic acid in PBS, pH 7.4, for 15 minutes at 37°C. Cells were washed 3 times, then resuspended in RPMI with 20% pooled human serum. Various effector/target ratios were coincubated in quadruplicate, in round-bottom, 96-well plates for 4 hours. 51 Cr release into the supernatant was measured and the percentage lysis calculated as follows: (cpm of sample -cpm of background)/(cpm of maximum -cpm of background).
NK function. Assessment of NK function was performed as previously described using chromium release from K562 target cells and serial dilutions of PBMCs for effector cells (14) .
Patients. Individuals were studied with approval by the Cincinnati Children's Hospital Medical Center Institutional Review Board. Appropriate informed consent, when required, was obtained. The individuals were diagnosed and treated at a variety of institutions, and blood samples were sent to Cincinnati Children's Hospital Medical Center for perforin staining and assessment of NK function. DNA sequencing of PRF1 was performed at this institution as well. The diagnosis of HLH was made based on a constellation of symptoms including hepatomegaly, splenomegaly, leucopenia, thrombocytopenia, anemia, hypofibrinogenemia, hypertriglyceridemia, CNS involvement, and/or fever. Diagnosis was confirmed by contact with the referring physician.
